long to round shape changes. Cytochalasin B was found to have minimal cytotoxic effects on the photosynthetic reactions, but coichicine significantly inhibited light-induced electron flow and the in vivo expression of the photosynthetic rhythm.
The cell shape characteristic of an algal species may be determined by the presence of a cell wall (16, 18) , cytoskeletal components (4, 10, 20, 27, 28) , a pellicle beneath the plasma membrane (18, 20) , or osmotic properties of the cell (22) .
Euglena gracilis is a highly studied flagellated alga that displays numerous shape changes. The shape of the Euglena cell may change depending on whether the cells are grown in the light or dark (6, 20) , or exhibit the many changes characteristic of the twisting movements related to swimming called metaboly (euglenoid movement) (2) . The biological clock has also been implicated in the regulation of cell shape. A daily rhythm in the average cell volume of a synchronous Euglena population has recently been reported (17) and a possible daily rhythm in cell shape was implied by Brinkmann (6) .
This study reports that the cell length of Euglena changes in a predictable rhythmic manner each day, and that the changes are under the control of the biological clock. The biological clock control ofcell shape offers a unique opportunity to study naturally occurring shape changes that repetitively occur within a predictable time scale. This investigation reports on the involvement of the respiratory and photosynthetic pathways in the daily shape changes, and a preliminary characterization using cytoskeletal inhibitors to determine whether the expression of the rhythm in photosynthetic capacity is dependent upon the rhythm in cell shape.
MATERIALS AND METHODS
Cell Cultures. Euglena gracilis Z. was procured from the American Type Culture Collection and was maintained as previously reported (25, 26) . Aliquots from liquid stocks were added to 250-ml flasks containing 200 ml liquid medium. Cultures were exposed to a 10-h light, 14-h dark cycle with a light intensity of 300 ILE m-2 s-'. Cultures were magnetically stirred and aerated with filtersterilized room air at a rate of 0.5 L min-'. When required by experimental design, cultures were exposed to constant dim light of 3.5 ILE m 2 s-1 intensity.
Measurement of Cell Length. Aliquots of the cultures were removed by syringe and centrifuged in a clinical centrifuge for 30 s. The cell pellet was resuspended in a few drops of 10% formalin to fix the cells for photography. Cells were photographed at x 100 magnification using a Leitz Ortholux microscope equipped with a 35-mm camera using Kodak Pan Plus X film. The greater dimension of each cell was measured directly from the enlarged photographs using a draftsman ruler with each inch divided into 100ths. The photographs were enlarged so that 0.01 inch represented 1 pm on the photograph. A x 7 magnifying lens was used to increase the accuracy of readings when using the ruler. Approximately 200 to 250 measurements were obtained for each time point of each experiment. All cells in the photographs were measured to avoid bias, and photographs were measured using a blind coding technique so that there was no knowledge of which data points the photographs represented.
Volume Measurements. The volume ofcells was estimated from measurements recorded from the photographs. Volume calculations were only recorded for the two shape extremes for which equations can be easily applied. Spherical cells in the size class 15 to 25 pm diameter were measured, and the formula V= %7rr was used to determine volume. The diameter ofthe cells was measured and the radius was determined as D/2. Cells in the 35 to 44-Lm size class whose shape approximated a prolate spheroid (cigarshaped with rounded ends) were measured and the formula V = ab2 was used to determine the volume. arcsine transformations of percentages (34) . The arcsine is the angle, in degrees, whose sine corresponds to the value given and was determined from published tables (31 (25) . If cells are examined microscopically at the times photosynthetic measurements are made, the shape of the cell can be correlated with the photosynthetic capacity. At those times when photosynthetic capacity is lowest (e.g. Fig. 1 , CT 00, CT 24), the cell population consists predominantly of round cells (Fig.   IA) . As photosynthetic capacity increases, the cells in the population increase in length, and when the cells have the greatest photosynthetic capacity (e.g. Fig. 1 , CT 06, CT 30), at least 60 to 75% of the cells in the population are elongated. The population returns to round cells as the photosynthetic capacity decreases after its maximum. A difference in cell length at these two times of day can be noted by visual examination.
The characteristics of these shape changes can be studied by plotting the lengths of the cells in the population versus the cell number for each length. A summary of shape changes occurring during 12 h of a LD cycle is presented in Figure 2 . Data from eight separate experiments are presented. The times represent1 h before dawn (0800), three samples from the light period (1100, 1400, 1600), and 1 h after darkness (2000) . At each time point, the average of the means for eight experiments (representing approximately 1500 cell length measurements) is given with SE. The mean cell length for the population changes in a predictable manner being lowest at the times when photosynthetic capacity is low (22 pm at ST 0800), highest when photosynthetic capacity is highest (30,um at ST 1400) and then decreasing by ST 1700 and ST 2000 as photosynthetic capacity diminishes. In addition, the pattern of dispersion about the mean changes throughout the day, being skewed toward the smaller cell sizes at the beginning of thelight portion of the cycle (ST 0800), returning to a more even distribution by ST 1400, and then becoming skewed again toward the smaller cell sizes after the maximum. When several populations are used for the calculation of mean cell size, the standard errors are small and differences in mean cell length are noticeable measuring a small interreplication variation. If individual experiments are examined, the mean length for the population changes with the same rhythmic pattern, but the length standard deviations, are large, indicating a large intrareplication variation. For example, in Figure 5 , the mean cell length and SD were 26 ± 7 ,um at the beginning of the light cycle (CT 00) and increased to 
4-6).
While Figure 2 shows the changes in population cell length during a light-dark cycle, identical changes occur in populations maintained in 24-h constant dim light. Figure 3 shows one such population which displays the daily increase and decrease in mean cell length for 3 d in constant dim light. The continuance of the shape changes in the absence of synchronizing light-dark cycles indicates that the cell length changes are controlled by the biological clock. The rhythm was not followed beyond 3 d and no other criteria to prove the circadian nature were performed (e.g. phase shiftability, temperature compensation, etc.). Only populations from the maxima and minima of the cell shape rhythms are shown for each day in Figure 3 . The expression of the cell shape rhythm in constant light conditions differs slightly from that seen with light-dark cycles (Fig. 2 ). The range (difference between the largest and smallest cell lengths) decreases with increasing exposure to the constant dim light. The cells in the population at CT 00 (beginning of the first day constant conditions) ranged between 14 and 50 pm in length with 65% of the population in the 15 to 24-pum size class and 14% in the 35 to 44-pum size class. The population at CT 72 (beginning of the fourth day constant conditions) ranged between 14 and 29 ,um with 82% of the population in the 15 to 24-pm size class and 0o in the 35 to 44-pum size class.
The percentage changes in both size classes represent significant shifts in the population. A similar trend is seen for the population dispersion at the daily maximum of the rhythm (CT 06, CT (13, 14) . The decrease in mean cell length (Fig. 2) significantly precedes the timing of cell division which occurs predominantly during the dark portion of the LD cycle (Fig. 1) . It is possible that a decrease in cell length might be a signal for the onset of mitosis. When cultures are placed in constant dim light, however, the rhythm in cell division ceases, at least for the duration ofmeasurements reported here (Fig. 1) (Fig. 4) Figure 7A (control times a-d) and the rhythm of photosynthetic capacity in Figure 7B (Fig. 7B, arrow) . The effect of cytochalasin on the cell shape profile was followed for the next 24 h while the effect on photosynthetic capacity was followed for 36 h. The population profile did not substantially change in the 24 h following the addition of the inhibitor (Fig. 7A, times d-g The effect of cytochalasin on the rhythm in photosynthetic capacity is shown in Figure 7B . While the oscillation in the rate 30- CT 00 30 CT 24. Middle row: at CT 24, 2 mm NaN3 (final concentration) was added to one aliquot and cell length was followed in the population at CT 26 (2-h exposure) and CT 29 (5-h exposure). Bottom row: at CT 29, 1 mm NaN3 (final concentration) was added to the second aliquot and cell length was followed in the population at CT 32 (3-h exposure) and CT 36 (7-h exposure). The percentages represent the proportions of the population found in the size classes 15 to 24, 25 to 34, and 35 to 44-,um length. of 02 evolution continues for the two subsequent LD cycles examined, the shape of the curve is altered in the presence of cytochalasin. The amplitude of the rhythm decreases while the peak at the maximum is broader.
There are two obvious explanations for the modification of the 02 evolution rhythm observed in the presence of cytochalasin. One is that the photosynthetic capacity rhythm involves a change in cell shape caused by microfilaments. Disruption of microfilament polymerization by cytochalasin would thus be predicted to alter the expression of the photosynthetic capacity rhythm. The second alternative is that cytochalasin causes other cytotoxic effects that are not related to microfilament integrity. Because the pattern of 02 evolution appeared to be affected, the most logical site of secondary action for cytochalasin would be the light reactions.
Two methods were used to investigate whether cytochalasin alters the light reactions. The first method involved an analysis of light intensity plots. When the rate of 02 evolution is determined at successively increased light intensities (below the saturating light intensity) and plotted as light intensity/rate of 02 Euglena (26) that, when such measurements are made at several times during the 24-h cycle, the relative slopes ofthe light intensity plots can be predicted from the time point within the LD cycle that measurements are performed. Light intensity plots constructed at the photosynthetic minimum (Fig. 7C , line a) and the photosynthetic maximum (Fig. 7C, line b) have different slopes. The difference in slope at the two times of day represents a difference in the ability of the cells to absorb and/or process the incident light. Line d (Fig. 7C) Identical experiments were performed with colchicine, an inhibitor of microtubule polymerization, and lumicolchicine, a derivative that does not effect polymerization (Fig. 8) . The cell populations presented in Figure 8 exhibit the typical daily change in cell shape as shown in Figure 8A effectively blocks the rhythmic change from round to elongated cells. Lumicolchicine, however, had no noticeable effect on the transition of the cell population from spherical cells to elongated cells (Fig. 8A, times d-f) .
The effect ofcolchicine on in vivo 02 evolution is rather dramatic (Fig. 8B) . The rhythm in 02 evolution is dampened regardless of whether the colchicine is added at the beginning of the light cycle (photosynthetic minimum, time d) or at the photosynthetic maximum (data not shown). There was no reproducible effect of lumicolchicine on the expression of the photosynthetic capacity when followed for the light portion of the LD cycle (Fig. 8B) . The effect oflumicolchicine for extended time periods was not studied.
The possibility that colchicine or lumicolchicine alters the photosynthetic light reactions was tested in vivo by examining the effect on light intensity plots and in vitro by the effect on the rate of light-induced electron flow. Figure 8C indicates the effects of colchicine on light intensity plots. Lines a and b, representing the photosynthetic minimum and maximum, respectively, of the first cycle, show the typical pattern. Line d represents the data obtained at the time just prior to the addition of colchicine, while line e was constructed from data collected after a 5-h exposure to the inhibitor. The typical difference in relative slope between the two times of day (beginning of the light cycle and middle of the light cycle) was not observed, with the two slopes being very similar. If colchicine has no effect on the 02 evolution process, line e would be predicted to have a smaller relative slope than line d measured 5 h earlier. Lumicolchicine had no such effect on the slopes of the light intensity plots (Fig. 8C, lines d and e) .
Further evidence that colchicine affects the photosynthetic reactions was observed with isolated chloroplasts. 14 h dark in the LD cycle from 1900 (7 PM) to 0900 (9 AM). Cells were removed from the culture seven times and cell lengths were measured and plotted in histogram form. Letters a to g correspond to the times on the photosynthetic capacity curve given in B. Time a is just prior to the dark to light transition, b is the middle of the light period, c represents the light to dark transition, and d is the dark to light transition of the next cycle (24 h after a). Points a to d represent the control values for those times. At the time represented by d, 100 ytM cytochalasin was added. Time e represents 5-h exposure to cytochalasin (middle of the light period), f represents 11 -h exposure to cytochalasin (light to dark transition), and g represents 24-h exposure (dark to light transition of the third cycle). The percentage of each population in the size classes 15 to 24, 25 to 34, and 35 to 44-,um cell length is given. B, Effect of cytochalasin on the 02 evolution rhythm. Letters correspond to the times cells were removed from the culture for cell shape measurements (given in A) or light intensity plots (given in C). Points a to d represent the control cycle showing the typical shape of the photosynthetic capacity rhythm. At the arrow (point d), cytochalasin was added to the culture and 02 evolution rates were followed for one and one-half cycles of LD. C, Effect of cytochalasin on the slope of light intensity plots. Line a was constructed from cells removed at the photosynthetic minimum of the first cycle (time a in B) while line b was constructed from cells removed at the photosynthetic maximum of the first cycle time b in B). The slope differences of this control are characteristic of the minimum and maximum photosynthetic capacities. Line d was constructed from measurements at the photosynthetic minimum of the second cycle (point d in B) and the time of cytochalasin addition, and e was constructed at the photosynthetic maximum of the second cycle and represents 5-h exposure to cytochalasin (point e in B). Line g represents 24-h exposure to cytochalasin and represents the photosynthetic minimum of the third cycle (point g in B) whereas line h represents 29-h exposure to cytochalasin and represents the photosynthetic maximum of the third cycle (point h in B). tron flow. A 5-h incubation, however, resulted in a 62% inhibition of the electron flow rate when compared to the controls measured 5 h after isolation. The effect of colchicine on the photosynthetic rhythm could therefore be attributed to an inhibition in the rate of light-induced electron flow.
Although no effects of lumicolchicine were observed for the photosynthetic capacity rhythm or the daily change in the slopes of light-intensity plots, an average inhibition of 43% in the rate of light-induced electron flow was observed with isolated chloroplasts (Table II) .
Demecolcine (Colcemid), a derivative of colchicine, was ineffective at altering cell shape in the early hours of the light cycle up to a concentration of 5 mm (the highest concentration tested). Demecolcine was found to inhibit the rate of light-induced electron flow by 61% after a 5-h incubation in the chloroplast system (Table II) .
DISCUSSION
Two general approaches have been utilized to study the possible relationship between the cell shape and photosynthetic rhythms reported for Euglena (Figs. 1-3 ). This investigation attempts to determine whether the rhythm in cell shape is dependent upon the photosynthetic and respiratory pathways for an energy supply Effect ofcolchicine anddlmicolchicine on the cell shape and photosynthetic capacity rhythms. A, Effect of2.5 mmcolchicine or lumicochicine on cell shape. Open bars at the top represent the 10 h light in the LD cycle from 0900 (9 Am) to 1900 (7 Pm), and dark bars represent the 14 h dark in the LD cycles from 1900 (7 Pm) to 0900 (9 Am). Cels were removed from the culture seven times and cell lengths were measured and plotted in histogram form. Letters a tog correspond to the times on the photosynthetic capacity curve given in B. Time a is just prior to the dark to light trsito b is the middle of the light period, c is the light to dark transition, and d is the dark to light transition of the next cycle ( constructed from cells removed at the photosynthetic minimum of the first cycle (time a in B) whereas line b was constructed at the photosynthetic maximum of the first cycle (time b in B ) and the time of colchicine or lumicolchicine addition to the culture. Line e was constructed at the photosynthetic maximum of the second cycle and represents 5-h exposure to colchicine or lumicolchicine.
and if the photosynthetic rhythm is influenced by the shape of the the rhythm has not been determined. The rhythms discussed in cell.
this report-cell shape and photosynthetic capacity-can both be The daily changes in the shape of Euglena persist for at least 3 dissociated from the cell cycle-related division known to occur in d in constant dim light (Fig. 3) . The rhythmic changes in cell LD cycles or constant darkness. The biological clock-related cell shape can tentatively be classified as a circadian rhythm because division rhythm that has been highly characterized (13, 14) does (a) the phenomenon is rhythmic and repeats itself approximately not persist in the constant dim light conditions utilized in this every 24 h and (b) the rhythm persists or repeats in the absence of study (Fig. 1 (Fig. 6, bottom row) , however, has no effect on the population transition back to the smaller, spherical cells. The observation that the long to round transition can occur in the absence of the photosynthetic capacity rhythm, which is inhibited by the presence of DCMU, indicates that the photosynthetic rhythm is not the direct cause of the shape change rhythm. The apparent lack of involvement of the photosynthetic reactions in the long to round transition could be explained by hypothesizing that, when the DCMU was added to the population of elongated cells at CT 29 (Fig. 6 ), the photosynthetic reactions had resulted in sufficient carbohydrate accumulation between CT 24 (photosynthetic minimum) and CT 29 (photosynthetic maximum) to provide substrate for oxidative phosphorylation. An analysis of carbohydrate reserves over the 24-h period would indicate if this hypothesis is realistic.
While the rhythm in cell shape is dependent upon the operation of the photosynthetic reactions for the round to long transition, it could also be asked whether the changes in cell shape affect the ability of the cells to absorb incident light effectively. Such a study would question whether the shape changes perform the same type of function as chloroplast orientation movements (7, 8) . In an attempt to determine if there is any photosynthetic adaptive significance for the cell shape rhythm, cell shape was altered with cytoskeletal inhibitors that disrupt microfilaments and microtubules.
The inhibition of the naturally occurring shape changes by the addition of cytochalasin (Fig. 7A) implies that the two shape changes involve microfilaments. This conclusion, however, can only be made if cytochalasin is a specific inhibitor for altering microfilament integrity. Two different cytochalasins with different cytotoxic effects were used in this study because the specificity of this inhibitor has been questioned (5, 11, 23) . The data presented in Figure 7 represent cytochalasin B. It has been reported that cytochalasin B inhibits the synthesis of ATP in isolated rat mitochondria (23) as well as glucose transport across rat cell plasma membranes (30) . If cytochalasin blocks mitochondrial ATP production at the concentration used in the Euglena system, then the inhibition of cell shape changes presented in Figure 7A could be the result of disrupted oxidative phosphorylation which is necessary for the expression of the cell shape rhythm (Fig. 5) . The effects of cytochalasin on mitochondrial activities was not investigated, but cytochalasin D, which does not inhibit membrane transport in rat cells (30) , was also used with the hope of avoiding cytotoxic effects.
Both cytochalasins B and D altered the usual shape of the photosynthetic capacity (Fig. 7B) , indicating either that this rhythm is dependent upon microfilaments for its expression or that the inhibitor alters the photosynthetic reactions. The presence of cytochalasin B did not alter the predicted daily change in the slope of the light intensity plots constructed from measurements obtained at the photosynthetic minimum and maximum of the rhythm (Fig. 7C) . In addition, a 5-h chloroplast incubation with this inhibitor, representing a system not expected to have any microfilaments, only resulted in an average rate inhibition of 6% for the light-induced electron flow assay (Table II) . Whether the 6% inhibition of electron flow rate measured in vitro is manifested in vivo as the broadening of the 02 evolution rhythm (Fig. 7B) is unknown. The existence of a persistent rhythm in light-induced electron flow in a chloroplast system (26) indicates that some aspect of chloroplast biochemistry must be oscillating and is responsible for the primary expression of the rhythm in light reaction rates. It is possible, however, that the ultimate expression of the photosynthetic rhythm also involves a microfilament component such as the microfflament control of chloroplast orientation in Mougeotia (36) and Funaria (33) .
While cytochalasin D also inhibited the cell shape changes and altered the photosynthetic capacity rhythm in the same manner as cytochalasin B, the rate of light-induced electron flow was in-hibited an average of 28% (Table II) . Unlike the mammalian system (30), cytochalasin B was therefore considered preferable to the D form in the Euglena system.
The possible involvement of microtubules in regulating the cell shape and photosynthetic rhythms was investigated by the addition of cplchicine and lumicolchicine. Lumicolchicine, a mixture of colchicine i'somers derived from UV irradiation, is thought to mimic many cytotoxic actions of colchicine but has no effect on microtubules. The addition of colchicine blocked both shape transitions, while lumicolchicine had no significant effect on cell shape (Fig. 8A) . Colchicine also inhibited both the expression of the photosynthetic rhythm (Fig. 8B ) and the daily change in the slope of light intensity plots (Fig. 8C) . Lumicolchicine, however, did not cause any short term alteration in the photosynthetic rhythm (Fig. 8, B and C) . The conclusion that the shape changes are dependent upon microtubules becomes clouded in view of the observation that colchicine inhibits light-induced electron flow rates an average of 62% in the isolated chloroplast system which would not be expected to have microtubules (Table II) . Thus, the inhibition of the round to long shape change by colchicine may be the result of inhibiting photosynthesis which is necessary to accomplish the round to long shape transition (Fig. 6) . The possible involvement of microtubules in the long to round shape transition is somewhat clearer. The long to round shape change is not dependent upon photosynthesis (Fig. 6 ) yet is inhibited by colchicine (data not shown). The effect of colchicine on photosynthesis can therefore be separated from its effect on shape changes during the long to round shape transition.
The validity of using lumicolchicine as a control in microtubule studies must be questioned in view of the results presented in Figure 8 and Table II . Even though lumicolchicine showed no measurable effect on the in vivo photosynthetic reactions, the rate of light-induced electron flow in the chloroplast system was inhibited 43% by the presence of lumicolchicine. The finding that lumicolchicine inhibits the photosynthetic reactions in vitro (Table  II) but not in vivo (Fig. 8, B and C) implies that lumicolchicine may not be permeable across the Euglena plasma membrane. If lumicolchicine is not permeable, then no effects on cell shape or whole cell 02 evolution would be expected. The use of broken chloroplasts (Class II) in the in vitro photosynthetic system would alleviate any permeability problems. The validity of using lumicolchicine as a control has been questioned on other grounds (32) . Demecolcine (Colcemid), an active derivative of colchicine, was inactive in altering cells shape even at high concentrations (5 mm), which also indicates a possible permeability problem for this inhibitor. While demecolcine might be more permeable if solubilized in DMSO, this approach was not investigated in light of the finding that demecolcine inhibited light-induced electron flow by 61% (Table II) .
A more direct approach to determine the involvement of microfilaments and microtubules in these two rhythms is currently in progress. Using the technique of indirect immunofluorescence, a visualization of microtubule patterns throughout the daily cycle is underway, including studies using several inhibitors reported in this study.
An interesting observation from this study was the lower sensitivity of round cells to the inhibitors added at CT 24. Several of the inhibitors including NaN3, gramicidin, antimycin, and colchicine, had to be added in higher concentrations at CT 24, as compared to addition at CT 29, in order to see a positive effect on the energy pathways and cell shape. This raises the question as to whether the membrane permeability in Euglena is rhythmic, being lower in the morning than in the afternoon. A rhythmic response to acid added to Euglena cells has been reported (6) , and rhythms in membrane (9, 29) and transport phenomena (15, 19) are common in circadian rhythm studies. It is also possible that no and photosynthesis are not equally sensitive to their inhibitors at various times of the day. Such a situation has been reported for uncouplers of photophosphorylation (24) . Alternatively, the different sensitivity of the cells may be a reflection of a greater surface area/volume ratio in the elongated cells.
The use of chemical inhibitors to study biological clock-controlled processes has a major inherent problem. Although inhibitors like NaN3 and gramicidin alter the ability of Euglena cells to change shape, the possibility always exists that the inhibitors directly alter the functioning of the clock itself. The possibility that the inhibitors NaN3, antimycin, or gramicidin alter the clock was determined by monitoring the rhythm in 02 evolution in cultures exposed to those inhibitors. During the short duration of the experiments (12 h), the 02 evolution rhythm was not noticeably altered in the cultures exposed to the three inhibitors. Thus, if the inhibitors alter the biological clock, the response of the clock was not immediate. The inhibition of the cell shape changes observed within a few hours of exposure to the inhibitors is therefore attributed to the primary action of the inhibitors on respiration or photosynthesis and not an immediate effect on the clock.
